Abstract-A time-frequency scaling transformation based on the matching pursuit (MP) method is developed for the phonocardiogram (PCG). The MP method decomposes a signal into a series of time-frequency atoms by using an iterative process. The modification of the time scale of the PCG can be performed without perceptible change in its spectral characteristics. It is also possible to modify the frequency scale without changing the temporal properties. The technique has been tested on 11 PCG's containing heart sounds and different murmurs. A scaling/inverse-scaling procedure was used for quantitative evaluation of the scaling performance. Both the spectrogram and a MP-based Wigner distribution were used for visual comparison in the time-frequency domain. The results showed that the technique is suitable and effective for the time-frequency scale transformation of both the transient property of the heart sounds and the more complex random property of the murmurs. It is also shown that the effectiveness of the method is strongly related to the optimization of the parameters used for the decomposition of the signals.
Time-Frequency Scaling Transformation of the Phonocardiogram Based of the Matching Pursuit Method Fig. 1 . Intensity of heart sounds and murmurs in correspondence with the threshold of audibility and speech (from [4] ). An important part of the intensity and frequency distribution of the heart sounds and murmurs is out of the human hearing range.
difficult to distinguish two close components because the time interval between them is too small. This difficulty increases when the heart rate increases. As an example, it is often difficult to recognize an opening snap when it is immediately followed by a long systolic murmur. This paper is a first attempt to remove these limitations of auscultation through time-frequency scaling of the PCG based on the matching pursuit (MP) method. The basic idea of time-scaling of the PCG is to expand the signal in time while keeping the same spectral properties. For frequency scaling, two aspects are interesting: 1) compress or expand the frequency band of the signal and 2) shift a frequency band up or down to a desired frequency range without changing the temporal properties of the signal. Finally, joint time-frequency scaling can be applied to a signal to modify both its time and frequency characteristics. This time-frequency scaling of the PCG could find interesting applications in the diagnosis of heart disease and the teaching of auscultation. Time-frequency scaling techniques have been widely applied to the speech signal to compress its frequency bandwidth for transmission or to provide an aid for people with impaired hearing (shift the speech signal into an audible frequency range). A review of the literature shows that a variety of methods have been developed for time-frequency scaling of speech signals. These include: the sampling methods for time 0018 -9294/98$10.00 © 1998 IEEE compression and expansion proposed by Lee [5] , the timedomain harmonic scaling algorithms proposed by Malah [6] , the scaling based on the short-time Fourier analysis and synthesis developed by Portnoff [8] , and a method based on the sinusoidal representation of speech proposed by Quatieri and McAulay [10] , [11] . The later method yields modifications of speech in both the time and the frequency domains with high quality. From the short-time spectrum of the signal, the technique extracts the frequency, amplitude, and phase of the sine waves, and the transformations are implemented by modifying these parameters before synthesis. However, this method was found to be ineffective for short complex transient sounds. Recently, a new approach for time-scaling of these sounds was proposed by Quatieri et al. [9] , which uses subband signal representation and channel phase correction.
In phonocardiography, no time-frequency scaling method has been proposed so far, due to the complex structure of the PCG and the difficulty in finding an analysis-synthesis method suitable to both the heart sounds and the heart murmurs. In a companion paper [12] , the MP method is described for the analysis and synthesis of PCG's. This technique was found very suitable to the properties of both the heart sounds and the heart murmurs. In this paper, we first introduce three types of transformation: time-scaling, frequency-scaling, and joint time-frequency scaling. In Section III, the PCG data base and a quantitative evaluation of the scaling transformations is described. Then, the scaling transformations are applied in Section IV to normal and pathological PCG's signals. The results are evaluated by quantitative analysis in the time and the time-frequency domains, visual comparison of timefrequency representations (TFR's), and auditory appreciation. The TFR's of the PCG's are computed with two methods: the spectrogram of the signal and the MP-based Wigner distribution as described in Section III. Finally, a discussion and a conclusion are presented in Section V.
II. THEORY

A. Time-Scaling of PCG Signals
The MP method represents a signal as a combination of an infinite number of time-frequency atoms [7] . It can be written as (1) with (2) and (3) where are the expansion coefficients. The parameters (the scale factors) are used to control the width of the waveform envelope, and are used to specify their temporal location.
The parameters are normalizing factors to keep the norm of equal to one. The purpose of time scaling the PCG is to change the rate of presentation while keeping the perceptual quality of the original signal. For a uniform change in the time scale, the time of the original PCG is mapped into the transformed time scale through the mapping (4) In our application, time scale expansion is more useful than time scale compression. Thus, is always larger than one. In the MP method, the temporal properties of a time-frequency atom are related with the time-position and the scale which are modified for time-scaling of the PCG. For an input signal , the reconstructed signal by the MP method for m time-frequency atoms is given by (5) For time scaling, the time-position and the scale factors are modified to give (6) The module, frequency and phase are not changed, so that the time-scaled version is (7)
B. Frequency-Scaling of PCG Signals
Frequency-scaling by the MP method is performed by scaling the frequency of each time-frequency atom of the signal by using (8) where is a scaling constant. Thus, the frequency-scaled signal can be expressed as (9)
C. Joint Time-Frequency Scaling of PCG Signals
Sometimes a joint time-frequency scaling is desired for changing both the time and the frequency properties of a signal. The transformation is the combination of the timescaling and the frequency-scaling described above. Thus (10)
III. MATERIALS AND METHOD
The data base of 11 typical PCG's described in the companion paper [12] for the analysis and synthesis was also used for testing time-frequency scaling transformations. The MP method decomposes into a number of time-frequency atoms represented by a set of parameters
A. Evaluation of the Scaling Transformation Process
The summation of these time-frequency atoms provides a reconstructed version with an error The evaluation of this step was discussed in details in [12] . Scaling the parameters of the atoms in time and/or frequency and the synthesis yields the transformed signal , which could be more useful than the original signal.
After transformation, the temporal and/or the frequency properties of the signal are changed. Therefore, the quantitative evaluation of the scaling process based on the comparison of the scaled signal and the original signal is difficult. To facilitate comparison, an inverse scaling of the scaled signal is introduced to transform it back to a version of the original signal. For instance, if we time scale by a factor of 2.0, an inverse scaling of the resulting by a factor 0.5 will transform it back to a signal
Ideally, this transformed signal should be identical to the original signal, if no distortion is introduced in both the MP decomposition and the time scaling procedure. The TFR can be calculated for the four temporal signals: the original signal , the reconstructed signal , the time-(or/and frequency-) scaled signal , and the corresponding inverse scaled signal By visually comparing the TFR's of these signals, we can qualitatively appreciate the effects of the scaling transformations. Furthermore, this is compatible with the human peripheral auditory system which also performs a sort of time-frequency analysis of the signal.
As shown in Fig. 2 , the original signal goes through twice the MP decomposition, the scaling process, and the synthesis process during the scaling/inverse scaling process. Assuming that the synthesis process generates negligible error compared with decomposition and scaling, the first MP decomposition generates the error , which is the residue energy between the original signal and the reconstructed signal The second MP decomposition generates the residue energy error between the scaled signal and the reconstructed scaled signal It is possible to isolate the scaling errors by minimizing and using a small value of the energy threshold to stop the MP iterative process and by computing the total error between and If we also assume that the two scaling processes contribute equal error, then the scaling error can be estimated as (11) The normalized root-mean-square error (NRMSE) was used for calculating and by using (12) where is the number of samples of and is the difference between the original and the reconstructed signals.
Mallat and Zhang [7] proposed to use the sum of the Wigner distributions of all the individual atoms composing a signal to represent its energy distribution in the time-frequency plane. This approach, which automatically removes the cross-terms between any two Wigner distributions of time-frequency atoms because each atom is a monocomponent, is called the MPbased Wigner distribution in the present paper to distinguish it from the conventional Wigner distribution applied to the signal itself. The MP-based Wigner distribution of the function in (1) was, thus, represented as (13) where are the parameters of the th time-frequency atom and (14) is the Wigner distribution of the time-frequency atom if
The spectrogram of the function was calculated by (15) where is a Hanning window. The window length is Both the MP-based Wigner distribution and the spectrogram were used for the visual appreciation of the TFR's of the original signals and that of the inverse scaled signals.
B. Optimization of Parameters
In the companion paper [12] , the effect of on the decomposition of PCG's was studied, and it was found that a good analysis and synthesis performance can be obtained for In order to determine the sensitivity of and as a function of the number of atoms used in the scaling process, the energy threshold used to stop the MP iterative process was varied from to for a value of seven. In this test, a time-scaling factor was used. In a second test, we optimized the scaling process by selecting the values of parameters and minimizing To force the limiting number of time-frequency atoms to be the stopping criteria for the decomposition process (thus, ), the energy threshold was set to zero. Parameter was then varied over a range of 50-250 with steps of 50 for and . Table I shows that the number of atoms required to correctly represent a PCG signal vary significantly depending on the type of heart pathology. It also demonstrates that did not change when the threshold criteria was increased from 10 to 10 , even if the total number of atoms was highly reduced (from two up to more than ten times The maximal correlation levels were generally low for all 11 signals (between 0.05 and 0.18).
IV. RESULTS
A. Time-Scaling of the PCG's
As shown in Table I , a test was also performed for and
The results shows that is very sensitive to the largest octave value , since it is significantly modified for some signals (Z4-Z8, Z10, and Z11). Consequently, in the second test, the values of and were varied to minimize the total error between and The results are shown in Fig. 3 . Fig. 3(a)-(c) gives the average NRMSE's of the reconstruction errors , the time-scaling error , and the total error of the 11 PCG's for different values of (50, 100, 150, 200, and 250) when , , and , respectively, and decrease as increases for all the cases, and and give similar errors which are lower than those of On the contrary, increases with and for it is lower than for and . For a given of the whole process does not vary significantly as a function of It is clear that gives the minimum for all the atom numbers. The best time-scaling performance was obtained when and Fig. 4(a) shows an example of the original PCG of aortic regurgitation, and Fig. 4(b) shows its time-scaled version by a factor in two sections. We can see that both the waveform and the envelope of the signal are preserved after the time-scale transformation. The corresponding MPbased Wigner distributions and spectrograms of the PCG's of Fig. 4 (a) and (b) are shown in Fig. 6 (a1) and (b1) and Fig. 6(a2) and (b2) , respectively. The spectrograms were computed by using a Hanning window of 66.7 ms with a window shift of 1.33 ms (2.76 ms for the scaled PCG). The duration of the discrete Fourier transform was the same as that of the Hanning window. It can be noticed that the time and frequency resolutions of the MP-based Wigner distributions are much higher than those of the spectrograms. The MPbased Wigner distributions (which has no cross-term) give a clearer presentation of the PCG while the spectrograms provide a blurred TFR of the corresponding signal. For both TFR techniques, the frequency resolution of the time scaled PCG is better than that of the original PCG. The first and the second heart sounds have a duration of about 100 ms and a frequency bandwidth below 180 Hz. In the spectrogram, each sound appears to have two spectral components while in the MP-based Wigner distribution more components can be distinguished. Both TFR's show that the murmur of aortic regurgitation begins almost with the second heart sound and ends approximately 130 ms before the onset of the first heart sound. Its frequency bandwidth is between 180-400 Hz. The granularity of the murmur is clearly seen on the MP-based Wigner distributions. Table II gives, for a time scaling transformation by a factor of 2.0, parameters and and the minimum total error for each of the 11 PCG's. These values were selected such that the maximum value of or was , except for Z11. The mean value of is 25.95% which is about 3.5% less than the result obtained by using and for all PCG's [the minimum point of Fig. 3(c)] .
B. Frequency-Scaling
The total errors between the original PCG's and the inverse scaled PCG's after frequency-scaling turned out to be almost the same as those of the time-scaling when the scaling factors were identical. This phenomenon is due to the scaling operation of the MP. For instance, (16) is for time-scaling with while (17) describes frequency-scaling by a factor (16) (17) When each time scaled atom has exactly the same number of cycles of oscillation as the frequency scaled atom but with a longer duration times). For instance, if we take one sample for every two in the time scaled signal of Fig. 4(b) , essentially, the frequency scaled signal shown in Fig. 4(c) is obtained. Fig. 6(a3) and (b3) shows the MPbased Wigner distributions and spectrograms of Fig. 4(c) , respectively. We can see that the corresponding atoms are shifted up in frequency by a factor of
C. Joint Time-Frequency Scaling
The 11 PCG's were also used to evaluate the joint timefrequency scaling technique, with the octave values , and , and the number of atoms , , , and . Fig. 7 shows the NRMSE's for the different values of and The results are similar to those of Fig. 3 , but the total error is always lower in Fig. 7 than in Fig. 3,  and gives the minimum error. From the waveform of the joint time-frequency scaled signal shown in Fig. 4(d) , it can be seen that both the duration and the oscillations of each sound component have been doubled while the envelope of the PCG is similar to that of the other PCG's. Fig. 6(a4) and (b4) shows the TFR's of the joint time-frequency scaled PCG of Fig. 4(d) . Because of this double scaling transformation, each time-frequency atom is better separated from the other ones. The improvement of the time and frequency resolutions is more striking for the spectrogram.
V. DISCUSSION AND CONCLUSION
The results of this study show that the performance of the time-frequency scale transformations is sensitive to the variation of the maximum octave value and the number of atoms used in the decomposition process. We also found that the values of the parameters giving the best performance for the time scale transformation for each PCG varied significantly, and no common rules could be obtained to define fixed parameters for different PCG's. In Fig. 4 , the maximal amplitudes of the time scaled and the joint time-frequency scaled PCG's are slightly lower than those of the original PCG and of the frequency scaled PCG. This is due to the norm of which must be equal to one. Consequently, increasing the window scale factor " " results in a decrease of the window amplitude. The inverse scaling has the opposite effect, as shown in Fig. 5 In Table II , the large and errors appearing for Z11 are due to the high complexity and random structure of the pericardial rub signal. When the number of atom was increased above 250 to reduce the errors to less than 2.5%, the scaling error increased rapidly. For , the errors were and Comparing the errors of the time-scaling and the joint timefrequency scaling of Figs. 3 and 7, it is observed that the errors caused by the scaling transformation are smaller for the joint time-frequency scaling of all 11 PCG's. This was not expected because the joint time-frequency scaling involves the modification of three parameters instead of two for the timescaling process. In an attempt to explain this phenomenon, we examined the phase variation between the decomposed atoms of the original PCG's and the corresponding time scaled PCG's or joint time-frequency scaled PCG's. We found that after joint time-frequency scaling, the phases of the atoms were better preserved than those of the time scaled PCG's. The increased time-frequency resolution of the joint time-frequency scaling could also be responsible for this effect. Further studies are required to elucidate this finding.
The time-frequency shifted versions of the 11 PCG signals have been informally evaluated through listening by an experienced cardiologist. He found that the time-scaling of the PCG signals kept the sound quality of the original signals while having a slower tempo. We believe that the timefrequency scaling of the PCG may find important applications in the improvement of 1) the teaching of auscultation and 2) the diagnosis of heart and heart valve disease. An example of the first application is the following: A student is using a computer having a data base of normal and pathological PCG's for learning of cardiac auscultation. The complex cases of auscultation are known and the scaling procedures (time, frequency, or both) improving the detection and identification of sound components difficult to distinguish by auscultation are available as additional files. The student can listen alternatively and repeatedly to these files using an electronic stethoscope or a set of headphones, and he can also make visual analyses of the corresponding PCG signals and TFR's on the computer video monitor. This allows the student to make all the necessary auditory and visual comparisons to better detect and identify the difficult component(s) in the original PCG signal. As an example of the second application, a physician is using a state-of-the-art electronic stethoscope comprising a digital signal processor able to perform the time scaling of the PCG signal with a variable time expansion factor or the real-time frequency compression of mechanical valve clicks to provide a better diagnosis of the status of the heart and the heart valves [3] . In summary, we have developed a time-frequency scaling technique for the PCG based on the MP method. Although some distortion of the signal structure cannot be avoided by the scaling transformations, the results of our study show that this approach is very suitable for auditory perception. The scaling of the heart sound signals is easier than that of the murmur signals, due to their relatively simple structure. The improvement of the scaling transformation for both the heart sound and the murmur signals, however, will require further studies.
